Cigarette smoking within minutes induces leukocyte adhesion to the vascular wall and formation of intravascular leukocyte-platelet aggregates. We find this is inhibited by platelet-activating factor (PAF) receptor antagonists, and correlates with the accumulation of PAF-like mediators in the blood of cigarette smoke-exposed hamsters. These mediators were PAF-like lipids, formed by nonenzymatic oxidative modification of existing phospholipids, that were distinct from biosynthetic PAF. These PAF-like lipids induced 
Introduction
Cigarette smoking has been recognized as a primary risk factor for cardiovascular diseases, the major cause of morbidity and mortality in industrialized nations. Although the mechanisms by which cigarette smoke contributes to cardiovascular disease are not entirely understood, it has been demonstrated that cigarette smoke and its extracts induce diverse inflammatory events whose cumulative effects could contribute to cigarette smoke-related pathology. For example, cigarette smoke elicits the recruitment and adhesion of circulating leukocytes to the vessel wall (1) (2) (3) , the initial step in inflammation (4, 5), emphysema (6) , and atherosclerosis (7) . Recruitment of leukocytes not only into the pulmonary microcirculation (6, 8, 9) , but also into peripheral vascular beds such as the aorta and striated muscle (1, 2) , suggests that cigarette smoke elicits the formation of circulating inflammatory mediators. Indeed, monocytes isolated just after smoking are in an activated state (10) and plasma isolated just after smoking activates platelets isolated from nonsmokers (11) . Cigarette smoke could induce the inflammatory response through a direct effect on target cells as cigarette smoke extracts induce expression of adhesion molecules on endothelial cells (3, 12, 13) . Additional secondary effects of cigarette smoke may extend this response as suggested by the release of inflammatory lipid mediators from cells exposed to smoke extract (14) . In fact, material that behaves as platelet-activating factor (PAF), 1 a potent inflammatory phospholipid (15) , is present in blood just after smoking (16) .
Cigarette smoke introduces a high burden of radicals into the organism (17, 18) and also stimulates the generation of further radicals and reactive oxygen species from activated leukocytes, many of which are chemotactically attracted and sequestered in the lungs (6, 9, 13) . The increased burden of reactive species in the plasma of smokers results in the consumption of the antioxidant vitamin C (19-21), and subsequently the accumulation of various lipid oxidation products in their bloodstream (22) (23) (24) . We and others (25) have previously shown that oxidation of synthetic (26) , cellular (27) , and lipoprotein (28) phosphatidylcholine all create a similar spectrum of phospholipid products that activate inflammatory cells through the PAF receptor. These differ from PAF in two ways: they have a variable sn -2 residue instead of the acetyl residue of biosynthetic PAF, and they are generated by uncontrolled chemical attack compared with the highly regulated enzymatic synthesis of PAF. Since the oxidative reactions that create these PAFlike lipids have all been performed in a laboratory setting, it is not known whether sufficiently oxidizing conditions exist in vivo to create these inflammatory PAF mimetics. It also is not known whether such mediators could ever accumulate to effective levels in the face of plasma antioxidants and endogenous defense mechanisms such as the constitutively active PAF acetylhydrolase that destroys the biologic activity of PAF and PAF-like lipids (29) . Based on these considerations, we asked: ( a ) whether cigarette smoke could elicit the accumulation of PAF-like lipids in an intact organism; ( b ) whether these compounds are the circulating mediators responsible for inflammatory changes observed after cigarette smoke exposure; ( c ) how these compounds might extend the inflammatory reaction; and ( d ) whether simple antioxidant protection would suppress their accumulation and thereby suppress the proinflammatory effects of smoking.
Methods
Lipid isolation and characterization. Plasma was obtained from the EDTA-anticoagulated blood of control animals and those exposed to the smoke of one reference cigarette (1) 15 min before bleeding. The polar lipids were isolated over an XAD-2 column (Sigma, St. Louis, MO) (30) , extracted from the aqueous ethanol (31) (26) and peripheral blood monocytes and platelets (32) were isolated from fresh anticoagulated blood as described. The CD18-dependent adhesion of activated PMN was determined (28) by quantifying the number of PMN adherent to a gelatinized surface after a 5-min incubation at 24 Њ C. PMN were activated with 10 Ϫ 7 M PAF as a positive control, or with HPLC-purified material (20% of a 2 min fraction) that had been taken to dryness before resuspension in 1% human serum albumin. WEB 2086 (a gift from Boehringer-Ingelheim, Ridgefield, CT) (10 M) was used to competitively block the PAF receptor as this concentration was sufficient to block the effects of 10 Ϫ 7 M PAF in a specific fashion in this assay (26) . WEB 2086 binds to the cloned human PAF receptor and competes for PAF and PAF-like lipids obtained from oxidized human low density lipoprotein, and it blocks the ability of PAF and PAFlike lipids to stimulate 293 cells expressing the cloned human PAF receptor (G. Marathe et al., unpublished observations). PAF acetylhydrolase and phospholipase A 2 block these effects of PAF and PAF-like lipids, showing phospholipids with a modified sn -2 residue are responsible for these activities (not shown). WEB 2086 and WEB 2170 are benzodiazepines that bind the PAF receptor at the same site as PAF (33) .
The effect of PAF-like lipids on monocyte-platelet aggregation was determined as follows. Human monocytes (10 6 cells/ml) were admixed with platelets (10 8 cells/ml of M199 [BioWhittaker, Walkersville, MO] containing 10 g/ml polymyxin B [Sigma Chemical Co.]) and incubated or not with WEB 2086 (10 m) for 30 min. PAF or partially purified PAF-like lipids were then added and, after 5 or 30 min, the cells in an aliquot were recovered onto a glass slide by Cytospin ® (Shandon Inc., Sewickley, PA) centrifugation. These were fixed with 4% formaldehyde for 20 min and the endogenous alkaline phosphatase activity of platelets was visualized by counterstaining with an alkaline phosphatase substrate kit (Vector Laboratories, Inc., Burlingame, CA). The red reaction product was examined using Nomarski interference contrast optics. For cytokine secretion by monocyteplatelet aggregates, the time of incubation was extended to 18 h, at which time the medium was collected, clarified by centrifugation, and cytokine content determined by ELISA as previously described (32).
Animal model. The dorsal skinfold chamber was implanted in Syrian Golden hamsters maintained ad libitum on standard chow as described (2) . Vitamin C was administered to certain animals by including it in the diet (10 g/kg). Exposure to cigarette smoke (one 2R1 research cigarette; University of Kentucky, Lexington, KY) was performed as described (1), and achieved plasma nicotine and carboxyhemoglobin levels similar to those present in human smokers. Analysis of leukocyte interactions in the microcirculation (34) before smoke exposure and at the stated times after exposure was performed in four to six arterioles and venules (20-60 m diameter) per observation window. Leukocytes were visualized after intravascular injection of acridine orange (35) and cells remaining stationary at the vascular wall for 30 s were classified as adherent. Vessel diameters and red cell velocities were analyzed offline from video recordings as described (34) . Leukocyte/platelet aggregates, defined as a minimum of three leukocytes per aggregate, tumbling through microvessels within a 30-s observation period were counted in four to six venules per observation window before and at defined times after smoking. When the effect of a PAF receptor antagonist (WEB 2170) was to be examined, animals were given 1 mg/kg body wt i.v., 10 min before smoke exposure (36) . Leukocyte-platelet aggregates were isolated from EDTA-anticoagulated blood, fixed, and stained for analysis by electron microscopy as before (37) .
Results
Smoking induces the accumulation of PAF-like lipids. We exposed hamsters to the smoke from one reference cigarette, extracted lipids from their plasma, separated the lipids by HPLC, and examined the individual fractions for their ability to activate leukocytes in vitro. Polar lipids extracted from plasma just 15 min after smoke exposure, but not from control plasma, exerted a marked adhesion-promoting effect on human neutrophils (Fig. 1 A ) . The stimulatory material did not migrate with the authentic PAF standard, but instead eluted where oxidized phospholipids with PAF-like activity migrate (28) . These PAF mimetics differ from PAF in that their sn -2 residue is variable (hence the differing chromatographic properties); moreover, they are generated by an uncontrolled free radical attack on phospholipid acyl residues rather than synthesized through a carefully controlled enzymatic pathway (reviewed in reference 38). Considerable amounts of these inflammatory agonists accumulate in the plasma upon exposure to cigarette smoke as their bioactivity was equivalent to 10 Ϫ 7 M PAF per ml plasma ( Fig. 1 B ) , a maximally effective concentration of PAF for these cells. To determine whether the lipid fraction isolated from smoke-exposed plasma activated leukocytes via the PAF receptor, we blocked this receptor with a specific competitive antagonist. This antagonist attenuated the response to 10 Ϫ 7 M PAF and the fractionated lipid to a comparable extent (Fig.  1 B ) . Thus, PAF-like lipids, rather than authentic PAF (14, 35) , are generated in vivo in response to cigarette smoke, consistent with the recent demonstration of in vivo plasma lipid oxidation in smokers (22, 24) .
PAF-like lipids induce cytokine synthesis by platelet-leukocyte aggregates.
We invariably observe the rapid formation of circulating leukocyte-platelet aggregates in hamsters exposed to smoke (1, 2), a reaction that can block the microcirculation or act as a nidus for thrombus formation. To test whether the PAF-like lipids extracted from the plasma of smoke-exposed hamsters are also responsible for this aggregate formation, we added the isolated lipid fraction to purified mixtures of human platelets and monocytes. Unstimulated platelet-monocyte mixtures do not aggregate (Fig. 2 A ) , while the isolated PAF-like lipids induced clustering (Fig. 2 B ) that was abolished by pretreatment of the cells with a PAF-receptor antagonist (Fig. 2  C ) . Similar bridging of leukocytes by activated, dendritic platelets is also found when aggregates isolated from the blood of smoke-exposed hamsters are examined (Fig. 2 D ) .
One important attribute of monocyte-platelet aggregates that is not shown by individual monocytes (39) is a greatly enhanced ability to synthesize and secrete inflammatory cytokines of both the C-C cytokine family (that attract and activate monocytes; e.g., macrophage inflammatory protein [MIP]-1 ␣ ), and C-X-C cytokine family (that attract and activate neutrophils; e.g., IL-8). This occurs because activated platelets secrete the monocyte agonist RANTES and they express P-selectin that induces a second, outside-in signal in monocytes adhering to activated platelets through this molecule (32). We wished to determine if a similar synergistic activation of monocyte aggregates occurred when platelets and monocytes were activated via their PAF receptor, rather than the RANTES receptor, and whether the PAF mimetics were agonists for this activation. We examined monocyte synthesis of MIP-1 ␣ and IL-8 in response to the PAF-like lipids isolated from smokeexposed hamsters, but found (Fig. 3 ) that they evoked little synthesis of these cytokines by individual monocytes. However, in the presence of platelets, these PAF-like lipids induced a substantial synthesis of both cytokines by monocyte-platelet aggregates. All of this stimulation could be blocked by treating the platelets and the monocytes with a PAF receptor antagonist (Fig. 3) , as well as by inhibiting monocyte-platelet aggrega- tion with a monoclonal antibody to P-selectin (data not shown). These data suggest that platelet-monocyte aggregates may function as circulating factories for inflammatory cytokine synthesis that extend the inflammatory reaction.
PAF-like lipids account for smoking-induced inflammation.
We used intravital fluorescence microscopy in a dorsal skinfold chamber preparation to visualize aggregate formation and leukocyte interaction with microvascular endothelium in response to cigarette smoke to understand the potential role of PAF-like lipids in vivo. It is this localization of cells in a distal somatic vascular bed that suggests that circulating inflammatory mediators are generated in response to cigarette smoke. To determine whether these postulated mediators are circulating PAF-like lipids, we blocked the PAF receptor with a specific competitive antagonist. We found that smoke-induced leukocyte adhesion to both arteriolar and venular endothelium was significantly inhibited by pretreating the animals with a highly selective PAF receptor antagonist before smoke exposure (Fig. 4, A and B ) . We also found that blocking the PAF receptor significantly inhibited the formation of intravascular leukocyte-platelet aggregates (Fig. 4 C ) . Taken together, these results show that PAF-like lipids are rapidly formed in vivo in smoke-exposed animals, and that they account for leukocyte adhesive interactions in the microcirculation induced by cigarette smoke.
Vitamin C suppresses PAF-like lipid formation and inflammation. Cigarette smoke contains numerous long-lived free radicals, estimated at 5 nmol per puff (18) , in addition to nicotine and a multitude of noxious chemicals. In a previous study (1), we observed that cigarette smoke-induced adhesion was blocked by superoxide dismutase, suggesting that the oxidizing radicals in cigarette smoke account for the rapid inflammatory response in the microcirculation. We now asked whether an antioxidant could prevent the accumulation of PAF-like lipids that initiate the inflammatory reaction induced by cigarette smoke. To test this, we added the antioxidant vitamin C to the diet of hamsters, and extracted and purified PAF-like lipids from control and vitamin C-fed animals after smoke exposure. We then compared the amount of stimulatory activity in these extracts to that of a maximally effective concentration of PAF. We observed, with the exception of a single animal, that expo- sure to cigarette smoke results in the accumulation of significant levels of circulating PAF-like lipids, and that vitamin C prefeeding reduces the amount of circulating PAF-like lipids to background levels (Fig. 5 A ) . While this effect of vitamin C likely derives from scavenging the radicals (40, 41) that initiate phospholipid oxidation to PAF-like lipids (26) , an alternative mechanism is that vitamin C enhances their degradation in the circulation. This is more than a formal alternative since PAF acetylhydrolase, the degradative enzyme that acts on oxidized phospholipids (29, 42) , is itself susceptible to oxidative inactivation by components of cigarette smoke (43) . However, we found no difference in acetylhydrolase activity among the different animal groups (controls, 10.4 Ϯ 1.3; smoke, 10.3 Ϯ 1.9; vitamin C/smoke, 11.1 Ϯ 1.6 mol/ml per h), so vitamin C is not able to influence the degradative rate of PAF-like lipids. As in an analogous study (2) , dietary vitamin C also suppresses the systemic inflammatory response that rapidly develops after exposure to cigarette smoke (Fig. 5 B ) . Thus, oxidative formation of PAF-like lipids accounts for the rapid pavementing of leukocytes on the vascular wall and the formation of leukocyte-platelet aggregates in the circulation after cigarette smoking. Vitamin C and PAF-receptor antagonists are effective at suppressing this inflammation as they both affect the same chain of events; vitamin C acts at the top of the oxidative cascade to prevent mediator formation, while the PAF receptor antagonist blocks the biologic activity of these oxidative products.
Discussion
In this study, we demonstrate for the first time that PAF-like lipids are formed and accumulate in vivo, and that biologically relevant levels are achieved after exposure to a single cigarette. In analogy to previous in vitro studies (25) (26) (27) (28) 44) , we propose that these compounds are formed by attack of cigarette smoke-derived radicals or reactive oxygen species on plasma or membrane phospholipids. The oxidative modification of phosphatidylcholine to PAF-like lipids is not due to fragmentation of the sn -2 fatty acyl residue to an acetyl residue to create PAF or its acyl analog. Rather, oxidation generates a variety of currently unidentified residues that are also capable of high affinity recognition by the PAF receptor. Despite the unusual nature of the sn -2 residues of these modified phospholipids, partial purification shows that they are at least within an order of magnitude as potent as PAF itself (unpublished observations). The observation that these PAF-like lipids are formed in vivo deserves particular attention when taking into consideration the powerful antioxidant capacity of plasma, as well as specific endogenous defense mechanisms such as a constitutively active PAF acetylhydrolase that destroys the bioactivity of PAF and PAF-like lipids (29) . Indeed, we found that plasma vitamin C levels (unpublished observations) and PAF acetylhydrolase (this study) were not affected by this cigarette smoke exposure, suggesting that PAF-like lipids accumulate in Figure 5 . Vitamin C suppresses PAF-like lipid accumulation and leukocyte-endothelium interaction in smoke-exposed hamsters. (A) PAF-like lipids were extracted and assayed for biological activity as described in Fig. 1 . PMN adhesion induced by 20% of the HPLC lipid fraction 5,6 was compared with the maximally inducible PAF response for each donor's PMN. Adhesion-promoting activity in plasma from smoke-exposed plasma (76Ϯ36% SD) was significantly (two-tailed t test) different from the activity in control plasma (12Ϯ10% SD) and in smoke-exposed plasma obtained from animals fed a vitamin C-supplemented diet for 1 wk before the experiments (26Ϯ19% SD). (B) Intravital microscopic evaluation of leukocyte rolling and adhesion. Animals fed vitamin C or not were exposed to cigarette smoke, leukocytes stained with acridine orange by intravascular injection, and visualized by fluorescent microscopy. The white dots are adherent cells, while the elongated streaks are slowly migrating cells.
vivo despite the presence of these powerful defense mechanisms. The realization that compounds other than authentic PAF are capable of stimulating the PAF receptor and occur in vivo suggests that care needs to be applied to the interpretation of experiments in which PAF-receptor antagonists are used to inhibit defined biological responses.
Through the combined use of in vitro and in vivo techniques, we provide evidence in this study that PAF-like lipids found in the plasma of cigarette smoke-exposed hamsters act as the primary mediators of the subsequent microvascular events: first, leukocyte adhesion to endothelial cells as well as leukocyte-platelet aggregation could be observed both in vivo after cigarette smoke exposure (Fig. 4) and in vitro after stimulation with the PAF-like lipids isolated from cigarette smokeexposed hamsters (Figs. 1 and 2) . Second, the adhesion-and aggregation-promoting activity was inhibited (in vitro and in vivo to a similar extent) by a synthetic PAF-receptor antagonist (Figs. 1, 2, and 4) . Third, the water-soluble antioxidant vitamin C prevented the formation of PAF-like lipids (Fig. 5) and also the cigarette smoke-induced leukocyte adhesion and aggregation (Fig. 5) . Our findings in the whole animal and isolated human cells are completely congruent, which shows not only the tight relationship between in vivo and in vitro approaches, but also the usefulness of this animal model to investigate human disease processes. We believe it is particularly important that inhibition of the PAF receptor blocks all the functional changes we examined in the microcirculation, and that vitamin C blocks accumulation of the PAF-like lipids and these microcirculatory events. This allows us to conclude that it is the oxidative formation of these PAF mimetics that causes leukocyte adhesion to platelets and to the vascular wall.
One of the subsequent events promoted by PAF-like lipids is the selective activation of platelet-monocyte aggregates, as compared with single monocytes, to secrete IL-8 and MIP-1 ␣ (and monocyte chemotactic protein-1, not shown). In congruence with our previous work (32, 39), we find that engagement of the P-selectin glycoprotein ligand-1 (PSGL-1) receptor of monocytes with the P-selectin abundantly displayed on the surface of activated platelets allows monocytes to synthesize and secrete these important inflammatory cytokines. Thus, even though both individual and monocyte-platelet aggregates are exposed to an appropriate agonist, only the multicellular aggregate responds to extend the inflammatory reaction. The in vivo demonstration of circulating monocyte-platelet aggregates (as in Fig. 2 D ) that rapidly accumulate (Fig. 4 C ) after exposure of the hamsters to cigarette smoke suggests the potential for localized production of both PMN and monocytic chemoattractants and activators should the aggregates lodge in the microcirculation. In this regard, we note a pathologic complication of cigarette smoking that should be investigated with the formation of hyperexcitable leukocyte aggregates in mind. Thromboangitis obliterans (Buerger's disease) is a segmental occlusive disease of peripheral small and medium sized arteries and veins that is a consequence of heavy cigarette smoking in certain populations (45) . The lesions in this disease are inflammatory in nature with an occlusive highly cellular thrombus showing PMN and leukocyte infiltration. We hypothesize that PAF-like lipids generated by smoking create platelet-leukocyte aggregates that become lodged in the microcirculation, and that thrombogenesis at this nidus is stimulated by further exposure to circulating PAF-like lipids that stimulate secretion of both C-X-C and C-C chemokines that stimulate leukocyte infiltration. The only current treatment for this disease is smoking cessation, which would stop the exposure to PAF-like lipids and thereby arrest the development and maturation of the occlusive lesions. Our results with vitamin C suggest a secondary route to the same end point for those patients who are unable to stop smoking.
The ability of the antioxidant vitamin C to inhibit the generation of PAF-like lipids and the adhesion-and aggregationpromoting action of cigarette smoke in vivo deserves further attention. These effects were introduced by raising vitamin C plasma levels from Ͻ 20 mmol in control hamsters to almost 60 mmol in vitamin C-fed hamsters (37) . Based on epidemiological data, the threshold levels for effective protection from cardiovascular disease by vitamin C has been estimated at 40-50 mmol (46) . This protective level was surpassed by the dietary vitamin C regime of our study, indicating that the vitamin levels in the animals translate well into data in human subjects. Thus, we found low baseline vitamin levels in control hamsters, corresponding to a predicted high risk of cardiovascular disease, and we found these levels to be high after vitamin C supplementation, which would correspond to a predicted low risk of cardiovascular disease (19, 20, 46) . The demonstration in the present study that vitamin C inhibits the cigarette smoke-induced accumulation of PAF-like lipids and the microcirculatory events they cause is in line with previous studies that show vitamin C suppresses the oxidation of plasma lipoproteins (23, 47) , and with epidemiological evidence that vitamin C significantly protects against cardiovascular disease (19, 20, 46) . Furthermore, other products, such as the potent vasoconstrictor 8-epi -prostaglandin F 2 ␣ , are produced by oxidative attack on cellular and circulating lipids in response to cigarette smoke (22, 24) , and the formation of these oxidized fatty acids is also suppressed by vitamin C feeding (24) . Formation of vasoconstrictors in conjunction with proinflammatory PAF-like lipids is likely to be a particularly problematic consequence of smoking, so it is important that the generation of both types of mediators is suppressed by dietary vitamin C. Vitamin C supplementation may be particularly efficacious in smokers: they suffer from a steady consumption of vitamin C and thus have significantly lower plasma levels than nonsmokers (19, 20) unless dietary supplementation is started to reach normalized levels (10) . All these data suggest that smokers might reduce their cardiovascular risk by adding vitamin C-rich foods or vitamin C supplements to their daily diet.
